The purpose of this study was to examine the effect of short-term high fat feeding on the inflammatory response in polymicrobial sepsis. Male C57BL/6 mice at six-weeks of age were randomized to a high-fat diet (HFD) (60% kcal fat) or control diet (CD) (16% kcal fat) for 3 weeks. After 3 weeks of feeding, sepsis was induced by cecal ligation and puncture (CLP) and animals were monitored for survival. In a separate experiment, after 3 weeks of feeding mice underwent CLP and were sacrificed at various time-points thereafter. Tissue was collected for biochemical studies. Mice fed a HFD gained more weight and had a greater fat mass compared to CD-fed mice. Mice on a HFD had a lower probability of survival and more severe lung injury compared with CD-fed mice following sepsis. Myeloperoxidase activity, an indicator of neutrophil infiltration, was increased in the lung and liver after CLP in HFD-fed mice compared with CD (p<0.05). The plasma cytokines tumor necrosis factor-α (TNFα) and interleukin (IL)-6 were increased in both groups after CLP, however TNFα and IL-6 levels were lower in HFD mice at 3h after CLP compared with CD and consistent with lung, but not liver, mRNA expression. Leptin levels were higher in HFD-fed mice at 18h after sepsis compared to baseline levels (p<0.05). Polymicrobial sepsis increased hepatic nuclear factor-κB (NF-κB) activation in HFD-fed mice after CLP vs. CD-fed mice. Short duration high fat feeding increases mortality and organ injury following polymicrobial sepsis. These effects correspond to changes in NF-κB.
INTRODUCTION
Obesity is an epidemiologic problem with over 1 billion overweight people worldwide (1, 2) . In the United States more than 30% of adults and children are overweight or obese (3, 4) .
Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms Obesity is an important health risk as it complicates many medical conditions including critical illness. Both obese adults and children have longer intensive care unit (ICU) lengths of stay and number of mechanical ventilator days than non-obese patients among survivors of acute lung injury and severe trauma (5) (6) (7) . These findings were confirmed in a large meta-analysis involving over 62,000 critically ill subjects comparing outcomes in obese and non-obese patients (8) . Obesity lowers the odds of survival in pediatric patients after inhospital cardio-pulmonary arrest (9) .
Obesity is associated with low-grade systemic inflammation. Many cells within adipose tissue can contribute to the inflammatory response in obesity and include adipocytes, endothelial cells, leukocytes and monocytes/macrophages (10) . Cytokines produced mainly by adipose tissue include adiponectin, leptin, and resistin. Other plasma proteins are also produced from adipose tissue including tumor necrosis factor (TNF)-α, interleukin (IL)-6 and monocyte chemotactic protein-1. Obesity and increased weight are associated with an increase in pro-inflammatory cytokine production which decreases with weight loss (11) .
Data suggests that the nuclear factor-κB (NF-κB) pathway is involved in obesity-associated pro-inflammatory responses (12) . Mice with loss of function of TLR4 are protected against diet-induced obesity and insulin resistance (12, 13) . Mouse models using genetic deletion of leptin (ob/ob) or the leptin receptor (db/db) to study the effects of obesity demonstrate an exaggerated inflammatory response following cecal ligation and puncture (CLP) compared to lean animals (14) . However, studies using these transgenic models of obesity may not truly represent clinically relevant obesity as alterations in leptin and the leptin receptor may affect innate and adaptive immunity and not truly reflect inflammation relevant to dietinduced obesity in people (15, 16) . Therefore obesity models using diet alone to cause obesity may be more reflective of clinically relevant obesity. Furthermore, most dietinduced obesity models use long periods of high fat feeding to cause obesity. These longterm feeding models may be applicable for obesity in adult patients but may not replicate the inflammatory changes which occur in childhood obesity or in the early stages of adult obesity. Obese children have inflammatory changes like adults but clearly have fewer obesity-years than adults. For example, in a large cross-sectional analysis of children in the United States, associations between inflammatory markers and obesity were evident even in children as young as three years of age (17) . Therefore rodent obesity models using longterm high fat feeding may not be an appropriate model to use to investigate the mechanistic changes that occur in children. Therefore, the aim of this study is to determine the effect of obesity, using a model of short-term high fat feeding, on the inflammatory response following polymicrobial sepsis. We hypothesize that short-term high fat feeding increases the inflammatory response and worsen survival following sepsis.
METHODS AND PROCEDURES

Animals
The investigation conformed to the Guide for the Care and Use of Laboratory Animals published by the U.S. National Institutes of Health (NIH Publication No. 85-23, revised 1996) and commenced with the approval of the Institutional Animal Care and Use Committee. Male C57BL/6 mice at six-weeks of age were obtained from Charles River Laboratories International, Inc. (Wilmington, MA). The mice were housed in the animal facility at the Cincinnati Children's Research Foundation (CCRF). Food and water were provided ad libitum. Animals were randomized to a high-fat diet (HFD) (TestDiet -58Y1) (60% kcal provided by fat) or a standard-control diet (CD) (Formulab -5008) (16% kcal provided by fat) for 3 weeks. After 3 weeks of feeding, polymicrobial sepsis was induced by CLP and monitored for survival for 30 h (n=12/group). In a separate experiment, after 3 weeks of feeding on HFD or CD mice underwent CLP and were sacrificed at 0, 1, 3, 6, and 18h thereafter. Plasma samples, lung, and liver were collected for biochemical studies described below.
Mouse model of cecal ligation and puncture (CLP)
CLP was performed as previously described (18) . After opening the abdomen, the cecum was exteriorized and ligated by a 6.0 silk ligature at its base without obstructing intestinal continuity. The cecum was punctured twice with a 21-gauge needle and returned to the peritoneal cavity. The abdominal incision was closed with silk running sutures and liquid topical adhesive. After the procedure, animals were fluid resuscitated with sterile saline (0.6 ml) injected subcutaneously.
Imaging
In a separate experiment, mice were randomized to HFD or CD for weeks (n=3/group). After 3 weeks of feeding, animals were transported to the Imaging Research Center at CCRF for imaging. Animals were sedated with isoflurane and fat mass was determined by quantitative magnetic imaging (7T Bruker MRI, Billerica MA). Animals were sacrificed at completion of the study.
Measurement of myeloperoxidase activity
Myeloperoxidase activity was determined as an index of neutrophil accumulation in lung and liver as previously described (18) . Tissues were homogenized in a solution containing 0.5% hexa-decyl-trimethyl-ammonium bromide dissolved in 10mM potassium phosphate buffer (pH7) and were centrifuged for 30 min at 20,000 × g at 4°C. An aliquot of the supernatant was allowed to react with a solution of tetra-methyl-benzidine (1.6mM) and 0.1 mM H 2 O 2 . The rate of change in absorbance was measured by spectrophotometry at 650 nm. Myeloperoxidase activity was defined as the quantity of enzyme degrading 1 μmol hydrogen peroxide/min at 37°C and was expressed in units per 100 mg of tissue.
Histopathological analysis
Lungs were fixed in 4% paraformaldehyde and embedded in paraffin. Sections were stained with hematoxylin and eosin and evaluated by three independent observers unaware of the experimental protocol. Specifically, lung injury was analyzed by a semi-quantitative score as previously reported (19) based on the following histologic features: a) alveolar congestion; b) hemorrhage; c) infiltration or aggregation of neutrophils in airspace or vessel wall and d) thickness of alveolar wall/hyaline membrane formation. Each feature was graded from 0 to 4 (i.e., no injury, minimal, mild, significant, or severe). The four variables were summed to represent the lung injury score (total score, 0-16).
Bacterial load
Spleen, lung, and liver samples were aseptically excised, weighed and homogenized in sterile saline using sterile tissue homogenizers. Two ml of sterile phosphate buffered saline (PBS) were lavaged into the peritoneum. The peritoneal fluid was placed in a sterile tube. Serial dilutions of tissue homogenates and peritoneal fluid were plated on nutrient agar and incubated overnight at 37°C. Bacterial colony forming units were counted to assess bacterial load.
Subcellular fractionation and nuclear protein extraction
Tissue samples were homogenized in a buffer containing 0.32 M sucrose, 10 mM Tris-HCl, 1 mM ethylene glycol tetraacetic acid (EGTA), 2 mM ethylenediaminetetraacetic acid (EDTA), 5 mM NaN 3 , 10 mM β-mercaptoethanol, 50 mM NaF, 20 μM leupeptin, 0.15 μM pepstatin A, and 0.2 mM phenylmethylsulphonyl fluoride (PMSF), 1 mM sodium orthovanadate, 0.4 nM microcystin (20) . The homogenates were centrifuged (1,000 X g at 4°C, 10 min). The supernatant (cytosol + membrane extract) was collected and stored. The pellets were solubilized in Triton buffer (1% Triton X-100, 150 mM NaCl, 10 mM Tris-HCl (pH7.4), 1 mM EGTA, 1 mM EDTA, 0.2 mM sodium orthovanadate, 20 μM leupeptin A, and 0.2 mM PMSF). The lysates were centrifuged (15,000 X g, at 4°C, 30 min) and the supernatant (nuclear extract) collected to evaluate the DNA binding of NF-κB. The amount of protein was quantified by Bradford assay.
Electrophoretic mobility shift assay (EMSA)
EMSA was performed as described previously (21) . An oligonucleotide probe corresponding to NF-κB consensus sequence (5′-AGT TGA GGG GAAC TTT CCC AGG C-3′) were labeled with [γ-32 P]ATP using T4 polynucleotide kinase and purified in Bio-Spin chromatography columns (Bio-Rad, Hercules, CA). Ten micrograms of nuclear protein were preincubated with EMSA buffer (12 mmol/L HEPES, pH 7.9, 4 mM Tris-HCl, pH 7.9, 25 mMKCl, 5 mM MgCl 2 , 1 mM EDTA, 1 mM dithiothreitol, 50ng/ml poly[d(I-C)], 12% glycerol v/v, and 0.2 mM PMSF) on ice for 10 min before addition of the radiobaleled oligonucleotide for an additional 10 min. Protein-nucleic acid complexes were resolved using a nondenaturing polyacrylamide gel consisting of 5% acrylamide (29:1 ratio of acrylamide:bisacrylamide) and run in 0.5X Tris borate-EDTA (45 mM Tris-HCL, 45 mMboric acid, and 1 mMEDTA) for 1 h at constant current (30 mA). Gels were transferred to 3M paper (Whatman, Clifton, NJ), dried under a vacuum at 80°C for 1 h, and exposed to photographic film at −70°C with an intensifying screen. Densitometric analysis was performed using ImageQuant (Molecular Dynamics).
Determination of NF-κB p65 activity
Nuclear protein, 10 μg, was obtained from liver nuclear extracts and added to a 96-well plate to which oligonucleotide containing the NF-κB consensus binding sequence had been immobilized (Active Motif North America, Carlsbad, CA). Antibody directed against the NF-κB p65 subunit was added followed by a secondary horseradish peroxidase conjugate antibody. Developing solution utilizing a colorimetric readout was used. The plate was read by a spectrophotometer at 450 nm with a reference wavelength of 655 nm. A wild-type and mutated oligonucleotides were used for NF-κB binding to monitor the specificity of the assay (data not shown).
Cytokine mRNA isolation and real-time polymerase chain reaction (RT-PCR)
For RNA extractions, the lung and liver were homogenized, and RNA was isolated using the TRIzol method (Invitrogen, Grand Island, NY). RNA was reversely transcribed using the high-capacity cDNA reverse transcription kit according to the manufactures protocol (Applied Biosystems, Grand Island, NY). Relative RT-PCR was performed using TaqMan Gene expression master Mix (Applied Biosystems) with the following primers: GAPDH (Mm99999915_gl), IL-6 (Mm01210732_gl), and TNFα (Mm00443258_ml). The reaction was analyzed using a TaqMan PCR system (Applied Biosystems). Samples were run in duplicate for each time point. The change in expression of IL-6 and TNFα was normalized to GAPDH.
Plasma levels of adipokines and cytokines
Plasma levels of TNFα, IL-6, leptin, and adiponectin were measured by use of the multiplex assay kit (Millipore, Billerica, MA) using the protocol recommended by the manufacturer.
Materials
Oligonucleotide corresponding to NF-κB consensus sequence was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO).
Data Analysis
Data were analyzed using SigmaStat for Windows Version 3.1 (SysStat Software, San Jose, CA). Values in the text and figures are expressed as mean and standard error of the mean (SEM) for parametric data and as median and interquartile range for nonparametric data. Plasma cytokines, tissue gene expression and liver NF-κB activation were analyzed for each time point versus baseline values and Student's t tests was used for parametric data and Mann-Whitney rank-sum test was used for nonparametric data. Relative gene expression of cytokines in liver and lung was analyzed using the 2 −ΔΔCT methodas described by Livak et al. (22) . Liver and lung MPO data were analyzed as nonparametric data using KruskalWallis analysis of variance with the Dunn post hoc test. Survival analysis was performed by the log-rank test. A value of p ≤ 0.05 was considered significant.
RESULTS
Mortality increases in HFD-fed mice after polymicrobial sepsis
Mice fed a high fat diet (HFD) for 3 weeks gained significantly more weight compared to mice fed a standard-control diet (CD) (25.2g ± 0.4 vs. 23.4g ± 0.4, p<.01) (Figure 1a) . We performed magnetic imaging to confirm adiposity and the location of the adiposity ( Figure  1b) .
To determine the effect of high fat feeding on survival from sepsis mice underwent CLP. Mice on a HFD had a lower probability of survival following polymicrobial sepsis compared with mice on a CD (Figure 2) . One of the etiologies which could contribute to increased mortality is a higher bacterial load. Therefore, to determine whether the increased mortality was due to an increase in bacterial load we measured the bacterial load in the lung, liver, blood, peritoneal fluid, and spleen at 18h after CLP. We found no difference in bacterial load in any of the organs tested (data not shown).
Effects of a HFD on lung injury after induction of polymicrobial sepsis
Histological examination of the lungs of mice fed a HFD at 6h after CLP revealed marked lung injury as characterized by extravasation of red blood cells and accumulation of inflammatory cells into the air spaces compared to CD-fed mice (Figure 3a) . This corresponded to a significantly higher lung injury score when compared to CD-fed mice at 6h after CLP (8.6 arbitrary units ± 0.9 vs. 3.5 arbitrary units ± 0.5, p<0.001) (Figure 3b ).
Effects of a HFD on lung and liver neutrophil infiltration after induction of polymicrobial sepsis
Multiple organ failure is a serious complication of sepsis and is usually preceded by accumulation of neutrophils in several vital organs (23) . Therefore, we next quantified neutrophil infiltration in the lung and liver by measurement of myeloperoxidase (MPO) activity, an enzyme specific to granulocyte lysosomes. Mice fed a HFD have an increase in liver neutrophil infiltration at baseline prior to CLP (Figure 4a ). After induction of sepsis both HFD and CD-fed mice have an increase in neutrophil infiltration. However in CD-fed mice MPO activity peaks in both the liver and the lung at 3 hours after CLP while in HFDfed mice MPO activity remains elevated (Figure 4a,b) .
Effects of a HFD on the systemic inflammatory response
To determine the effect of high fat feeding on the systemic inflammatory response we measured plasma cytokine levels. As expected, TNFα and IL-6 plasma levels increased in both CD and HFD mice after CLP compared to baseline values (Figure 5a,b) . Interestingly, plasma TNFα and IL-6 levels in HFD mice were significantly lower at 3h after CLP. Adiponectin levels were unchanged in CD-fed mice after CLP but decreased in the HFD mice at 6 and 18h after CLP compared to levels obtained at time 0h (Figure 5c ). Animals on a HFD had higher leptin levels at baseline compared to CD-fed animals [5,719 (2,995-8.057) vs. 1,520 (1,223-1,820), p<0.05]. Animals on a CD had higher leptin levels at 3 and 6h after CLP compared to baseline leptin levels. HFD-fed also had higher leptin levels at 18h after CLP compared with baseline (time 0h) and CD-fed mice (Figure 5d ).
Effects of a HFD on cytokine mRNA expression in liver and lung
To determine the effect of high fat feeding on the organ inflammatory response, mRNA expression of TNFα and IL-6 was measured by quantitative real time PCR in the lung and liver after induction of sepsis. Both TNFα and IL-6 mRNA expression increased in CD-fed and HFD-fed mice in the lung and the liver after CLP (Figure 6a-d) . However, in the lung TNFα and IL-6 expression were decreased at 6h after CLP in HFD-fed mice compared with CD-fed mice (Figure 6a,b) . In contrast, TNFα and IL-6 mRNA expression increased in HFD-fed mice after CLP (18h) compared with CD-fed mice (Figure 6c,d) .
HFD increases activation of liver NF-κB
To investigate the mechanisms which contribute to the systemic inflammatory response in sepsis we evaluated the nuclear activation of NF-κB p65. Both HFD and CD-fed mice had an increase in liver NF-κB DNA binding at 3h after CLP compared to baseline values as evaluated by transcription factor assay kit (Figure 7a ). However in CD-fed mice NF-κB activation decreased thereafter but NF-κB activation remained elevated in HFD-fed mice at 18h after CLP compared to CD-fed mice [0.15 relative units (0.12-0.37) vs. 0.07 relative units (0.06-0.08), p<0.05]. NF-κB DNA binding activation was confirmed by EMSA and correlated with the transcription factor assay findings (Figure 7b ).
DISCUSSION
Early mortality during acute sepsis remains a major unsolved problem. It is estimated that 20% of children who die from who die from severe sepsis die within 2 days of admission (24) . In this study, we adopted a clinically relevant model of polymicrobial sepsis which mimics the outcomes of acute severe sepsis (18, 25) . In this model, we demonstrated that high fat feeding, even for a short duration, increased organ injury and mortality. In our experiments, animals fed a HFD for only 3 weeks had more lung injury and lung and liver neutrophil infiltration following sepsis compared with mice fed a control diet. Additionally, the plasma adipokines, adiponectin and leptin, were altered in high fat-fed mice compared with CD-fed mice following sepsis. Unexpectedly, however, high fat-fed mice exhibited lower plasma levels of IL-6 and TNFα following induction of sepsis, which well correlated with lower TNFα and IL-6 mRNA expression in the lung when compared to control diet fed mice. On the contrary, septic HFD-fed mice exhibited a more severe inflammatory phenotype in the liver, where both TNFα and IL-6 mRNA expression was significantly higher when compared to control diet fed mice. This increased cytokine gene expression corresponded well with a significant increase in hepatic NF-κB activation in high fat-fed mice. Previous studies have suggested that liver and lung may exhibit a different inflammatory response during early and late sepsis and reflect the persistence of a proinflammatory response in one organ and the development of a compensatory antiinflammatory response in another (26) . Thus our data suggest that in obese mice a proinflammatory response persists longer in the liver than in the lung. Although we did not further explore the possible mechanisms underlying this differential inflammatory response, our data also suggest that obesity may influence the pattern of organ inflammatory response and may contribute to the different vulnerability of organ damage during sepsis.
In the current study, NF-κB DNA binding activity was increased in both CD and HFD-fed mice however the kinetics of NF-κB activation differs in these two groups following sepsis. These findings are consistent with previous results from our laboratory demonstrating that NF-κB DNA binding activity is increased in normal chow-fed animals following polymicrobial sepsis with a peak in the early hours following CLP (21) . In this current study while there is an early increase in NF-κB activation in HFD-fed mice there appears to be a second peak of NF-κB activation in the late hours after CLP. Although, we did not detect any baseline differences in NF-κB activation prior to CLP with short term high fat feeding others have demonstrated that NF-κB activity is already increased in the liver in animals on a high fat diet (27) .
Obesity alters the systemic inflammatory responses following polymicrobial sepsis. Surprisingly, we found that animals fed a HFD had significantly lower plasma TNFα and IL-6 levels and lower lung TNFα and IL-6 mRNA expression compared with CD-fed animals. These findings are however consistent with previous studies (28) . In DIO-mice with experimental periodontitis plasma TNFα levels were lower compared with lean mice (28) . Additionally, ex vivo stimulation of peritoneal macrophages with Porphyromonas gingivalis resulted in increased NF-κB gene expression from macrophages but reduced levels of TNFα and IL-6 in macrophage culture from DIO-mice compared with lean mice (28) . To characterize these alterations Amar et al. used a chromatin immunoprecipitation assay to demonstrate that the recruitment of NF-κB to the TNFα promoter was substantially reduced in macrophages from DIO mice (28) . Further investigation is needed to prove whether this inhibition of NF-κB transactivation may also explain our observations of reduced TNFα and IL-6 gene expression in the lungs of obese mice.
In our current study we demonstrate that mice fed a HFD have a higher mortality following sepsis compared with mice on a CD. Our findings are in agreement with other models of infection which demonstrate that diet-induced obesity results in increased mortality rates following infection. Mice fed a HFD and infected with Staphylococcus aureus or influenza had higher mortality than mice fed a control diet (29, 30) . A clinically relevant condition which increases mortality and places patients at risk for multi-system organ failure is the development of leuko-sequestration within organs. In the current study we found that HFDfed mice have a significant neutrophil infiltration in the lung and liver following polymicrobial sepsis compared with CD-fed mice. Previous studies have demonstrated that following a stimulus like an infection surface markers on leukocytes are activated and allow adherence of white blood cells to the vascular endothelium through an increase in the expression of adhesion molecules (14) . Extravasation of leukocytes into tissues results in the release of proteolytic enzymes, cytokines and oxidizing molecules resulting in significant organ damage (31, 32) . These alterations involving the immune cells and the vascular endothelium may explain the etiology of tissue injury seen in our study.
This current study demonstrates that mice fed a HFD had significantly lower plasma adiponectin levels following sepsis compared with baseline levels. Adiponectin is an antiinflammatory adipocyte-derived cytokine which is secreted into human plasma (33) . Adiponectin inhibits the NF-κB pathway and decreases NF-κB-dependent pro-inflammatory proteins (34) . In a rat model of polymicrobial sepsis, plasma adiponectin levels were significantly decreased after sepsis and inversely correlated with plasma TNFα and endotoxin levels (35) . Adiponectin knockout mice had higher inflammatory cytokine production and higher mortality after polymicrobial sepsis compared to wild-type mice (36) . Although we found no difference in adiponectin expression in CD-fed mice following sepsis, HFD-fed mice have a decrease in adiponectin. As an anti-inflammatory cytokine decreased levels of adiponectin may play a role in the resultant increase in NF-κB activation.
Leptin, like adiponectin, is secreted mainly by adipocytes and has a role in regulating immune responses (37) . Leptin levels were increased in mice after intraperitoneal LPS injection (38) . Adults with sepsis had higher plasma leptin levels compared with healthy matched controls (39) . In children who died from sepsis, leptin levels were increased compared to survivors (40) . In our current study, we found that both CD and HFD-fed mice have an increase in plasma leptin levels but that leptin levels in HFD-fed mice remain significantly increased at 18 hours following sepsis. Changes in these adipose-derived proteins suggest that during sepsis there are alterations in adipose tissue which contributes to the systemic inflammatory response.
Our current study is the first to demonstrate that short duration of high fat feeding increases mortality and organ injury following polymicrobial sepsis. These effects appear to occur through alterations of NF-κB activation and result in an altered inflammatory response. Further studies are needed to elucidate the exact mechanisms which cause these alterations and contribute to the increase in mortality and morbidity in obese patients. Mice on a high fat diet gain more weight and more fat than mice on a control chow diet. Male C57BL/6 mice were randomized to a high fat diet (60% kcal fat) or control chow diet (16% kcal fat) for 3 weeks. Mice on a high fat diet have higher mortality after sepsis. Mice were randomized to a HFD or CD for 3 weeks. CLP was performed and survival was monitored. Animals were censored at 30 hours. Survival curve demonstrates a lower probability of survival in HFD-fed mice after CLP (p=0.009 by log rank test, n=12/group). Kaplan Mice on a high fat diet have an increase in liver and lung neutrophil infiltration. 6 week old male C57BL/6 mice were randomized to a HFD (black bars) or CD (white bars) for 3 weeks. Obesity (Silver Spring). Author manuscript; available in PMC 2013 April 01.
